The stability hierarchy between different phases of a chemical compound can be accurately reproduced in a topological phase diagram. This type of phase diagrams may appear to be the result of simple extrapolations, however, experimental complications quickly increase in the case of crystalline trimorphism (and higher order polymorphism). To ensure the accurate positioning of stable phase domains, a topological phase diagram needs to be consistent. This paper gives an example of how thermodynamic feedback can be used in the topological construction of phase diagrams to ensure overall consistency in a phase diagram based on the case of piracetam crystalline trimorphism.
Introduction
In a recent article, a pressure-temperature phase diagrams for the trimorphism of piracetam has been obtained through a topological approach [1] . An annotated version of the stable pressure-temperature (P-T) phase diagram proposed in Figure 4 of reference [1] is provided here in Figure 1 . It appears that the final phase diagram of the quoted article is not in accordance with the data reported therein. For topological constructions of phase diagrams, feedback systems can be used, which can help identify and avoid inconsistencies, even if the process of constructing phase diagrams can be complicated. In the present paper, an example will be given of how inconsistencies in a topological phase diagram can be identified. (1) with dP/dT the slope of a two-phase equilibrium in the pressure-temperature phase diagram, ΔS the entropy change associated with the equilibrium, ΔV the volume change, ΔH the enthalpy change, and Τ the temperature at which the two-phase equilibrium has been observed. The alternation rule, which is a direct result of the intersecting Gibbs-energy surfaces for the different phases, states that equilibria passing through a triple point will change their stability ranking with one level and it implies that the stability ranking of the phase equilibria around a triple point will alternate between two levels of stability [2] .
For the topological construction of P-T phase diagrams, data obtained at ordinary pressure (i.e. pressure conditions in a closed DSC pan) are generally used in the Clapeyron equation and equilibrium lines are approximated by straight lines. In particular solid-solid equilibria are straight over extensive temperature and pressure ranges and using this approach in the correct way leads to reliable P-T phase diagrams, as was demonstrated in the case of paracetamol [3, 4] , benzocaine [10] , adamantane derivatives [5] [6] [7] and other organic compounds [8] [9] [10] [11] . The inequalities between the slopes of the different equilibria can be determined once the respective enthalpy changes, volume changes, and equilibrium temperatures have been determined. Making use of the alternation rule, the stability ranking of the different equilibria in the phase diagram can be determined. For trimorphism, this has been demonstrated for ferrocene by two of the present authors in 2002 [12] . 
On the interpretation of the calorimetric data
The topological construction of P-T phase diagrams depends for a large part on the interpretation of data obtained by DSC and X-ray diffraction under ordinary conditions. Thus, the applied data will be considered before discussing the actual construction of the phase diagram. Concerning the DSC results, it is mentioned on page 168 of the paper of reference assigned to the III→II transition, it was assumed by the authors that the small endoexothermic effect observed a few degrees higher was the fusion of form II and recrystallization into form I, which then melts at its normal temperature. However, if form II melts and the melt turns into form I, the overall enthalpy will have to be equal to the transition enthalpy of II→I as in thermodynamics the path is not important, only the initial and the final state. Neglecting heat capacity differences, one would expect a positive enthalpy of about 24.8 J g -1 for the sum over the processes of melting and recrystallization. Determining the area of the endo-exo peak relative to the melting peak of form I, one finds a value of about 1%, which is equal to an enthalpy of 1.9 J g -1 . This cannot coincide with the proposed transitions of II→liq→I, because the enthalpy of the summed peaks is much too low.
A last point to be made is that with the data in Table 1 , the slope of the III-II equilibrium can be calculated. The enthalpy change ΔH III→II was found to be 2 J g -1 . In the same way, by thermodynamic cycle, the volume change from III to II can be calculated as ∆V III→I + ∆V I→II + ∆V II→III = 0 and thus ∆V III→II ≈ 0.0103 cm 3 g -1 using the data in Table 1 (again it has to be kept in mind that the direction of the arrow defines the sign of the volume change). Using the enthalpy and volume changes together with the transition temperature of III→II of 400.5 K (127.5 °C as observed in reference [1]; see the quotation above), the slope of the equilibrium is found to be 0.48 MPa K -1 , which is a shallower slope than those of the two other equilibria. This, however, is in contradiction with the proposed phase diagram in Figure 1 , where equilibrium III-II has the steepest slope. One ought to conclude therefore that the phase diagram is inconsistent with the available data. This will be discussed in more detail below.
3.-Construction of the P-T diagram using the data in Table 1 Once the data obtained by DSC and X-ray diffraction has been verified, the subsequent step is tracing the equilibrium lines using the Clapeyron equation (1). At the intersections of the equilibrium lines, the positions of the triple points can be found, which make up the framework of a topological P-T phase diagram. In the case of trimorphism, the number of triple points in a phase diagram incorporating the liquid and the vapor phase amounts to 10 as established in 1890 by Riecke [13] . For reference, the P-T phase diagram containing all 10 triple points provided in Figure 3 of reference [1], has been reproduced in Figure 2A . In Figure 2B , the phase diagram is provided that is based on the data in Table 1 and constructed in accordance with thermodynamics.
3.1.-Triple points I-II-liq, I-III-liq and II-III-liq
The three triple points I-II-liq, I-III-liq, and II-III-liq have the liquid phase in common implying that two melting equilibria and one solid-solid equilibrium intersect each other in each of the triple points. As stated in the introduction, two-phase equilibria can be safely considered straight over a considerable pressure and temperature range. Thus, using the Clapeyron equation and starting at the measured or otherwise obtained melting points in Table 1 , the equations describing the melting equilibria for each polymorph can be obtained: Table 2 and their schematic positions are given in Figures 2A and B . 
3.2.-Triple point I-II-III and equilibrium curve II-III obtained by triple points
The triple point I-II-III only involves solid phases. In the same way as for the solidliquid equilibria, the expressions for the equilibrium curves I-II and I-III, intersecting in I-II-III, can be obtained using the data in Table 1 :
Setting eqs. 5 and 6 equal leads to the (P,T) coordinates of the I-II-III triple point of 320 K and -84 MPa. The values have been compiled in Table 2 together with the data on the triple points containing the melt. Schematically, the triple point has been placed in Figure 2B as well.
It can be observed that the I-II-III triple point is located in the negative-pressure or expanded-phase domain, i.e. the triple point I-II-III must be metastable (Table 2, Figure 2B ).
Considering the data in Table 1 , this is not surprising as the slope of equilibrium II→I from its transition temperature of about 90°C is steeper with 2.08 MPa K -1 than the slope of equilibrium III→I with 1.67, which has a transition temperature that is located at a higher temperature of about 100 °C. This can only mean that the two equilibria diverge with increasing pressure and that the triple point involving these solid phases must be located at negative pressure (see curve a and b in Figure 2B ). However, this finding is inconsistent with the phase diagram in Figure 1 , where the I-II-III triple point is located at positive pressure.
The II-III equilibrium calculated above with approximate experimental values leading to a slope of 0.48 MPa K -1 , and which would confirm a negative triple point if it indeed occurs at 127°C, can also be calculated using two triple points through which the equilibrium must pass, I-II-III and II-III-liq. It results in the following expression:
The slope of this equilibrium (line c in Figure 2B ) is higher than both other solid-solid transitions in accordance with the proposed phase diagram in Figure 1 , however, which of the two slopes for the II-III equilibrium should be considered the right one? It can also be seen that the sequence T II→I < T III→I < T III→II as found for Figure 1 in the introduction does not hold anymore and has become T III→II < T II→I < T III→I in Figure 2B . The strength of the topological method resides in consistency in the calculated triple points and phase equilibria, which unfortunately is lacking in this case.
3.3.-Equilibrium I-III and its triple point I-III-liq
The phase diagram in Figure 2B , which has been constructed with the data in Table 1 and the equations 2 -7 derived therefrom, highlights another problem as well. It can be seen that the I-III equilibrium (line b), which is defined by eq. 6 obtained by experimental data, cannot intersect its triple point in point k in Figure 2B (point 7 in Figure 2A ). This is once again an inconsistency making it impossible to construct a thermodynamically consistent phase diagram.
4.-Discussion
Comparing the topological phase diagram constructed in the present paper using the data from Table 1 in Figure 2B with the one obtained in the original paper [1] (in the present text in Figure 2A ), it can be seen that they are not the same. The experimental data compiled in Table 1 Figure 2A ), implying that I-III (line b) must pass through this point; this is not possible with the data from Table 1.
Concluding remarks
Topological phase diagrams do not necessarily provide an accurate description of the position of triple points and of two-phase equilibria. In fact, those positions are as accurate as experimental data and extrapolations can cause them to be. Nonetheless, the phase behavior and in particular the stability hierarchy of the phases involved can be accurately reproduced in a topological phase diagram. This may seem contradictive, but it implies that the overall position of the stability domains of the different phases relative to each other can be accurately determined. To ensure the accurate positioning of stable phase domains, the consistency within a topological phase diagram needs to be verified.
In the present paper, a number of feedback systems for the construction of topological phase diagrams has been highlighted. Thermodynamic cycles for state functions such as enthalpy and specific volume allow for example the determination of missing enthalpy changes between phases as demonstrated above. Moreover, hierarchies within the phase diagram must remain consistent, for example the hierarchy of the slopes of the different transitions dP/dT I-III < dP/dT I-II < dP/dT II-III , which is implied by the monotonicity of the equilibrium curves [2] , but as well for experimental data such as T II-III < T I-II < T I-III and ΔH III→II < ΔH II→I < ΔH III→I . The consistency of the measurement data may be obvious, but it does function as a feedback system, when extrapolations lead to other results. What to do when feedback fails to confirm consistency depends on each individual case, but a first reflex should be a thorough review of the experimental data. 
